In flowering plants, the egg develops within a haploid embryo sac (female gametophyte) that is encased within the pistil. The haploid pollen grain (male gametophyte) extends a pollen tube that carries two sperm cells within its cytoplasm to the embryo sac. This feat requires rapid, precisely guided, and highly polarized growth through, between, and on the surface of the cells of the stigma, style, and ovary. Pollen tube migration depends on a series of long-range signals from diploid female cells as well as a short-range attractant emitted by the embryo sac that guides the final stage of tube growth. We developed a genetic screen in Arabidopsis thaliana that tags mutant pollen with a cell-autonomous marker carried on an insertion element. We found 32 haploid-disrupting (hapless) mutations that define genes required for pollen grain development, pollen tube growth in the stigma and style, or pollen tube growth and guidance in the ovary. We also identified genomic DNA flanking the insertion element for eleven hap mutants and showed that hap1 disrupts AtMago, a gene whose ortholog is important for Drosophila cell polarity.
stigma, grows through the transmitting tissue of the style Here, we employed a novel strategy to identify heterozyand ovary, migrates along the septum to the funiculus gous hapless (hap) mutants with alterations that impair of an ovule, and grows into the micropyle in response the development or function of haploid gametophytes.
to signals emitted from the synergid cells and the ovule This screen tagged mutant pollen tubes with an autono- (Elleman et al. 1992; Hulskamp et al. 1995b ; Ray et al. mous marker, yielding new mutant phenotypes that de-1997; Higashiyama et al. 2001; Palanivelu et al. 2003) . fine key signaling events.
After entering the micropyle, the tube bursts to release Gametophytes are derived from the diploid sporophytic two sperm, one of which fuses with the egg to produce generation, the dominant stage of the angiosperm life a zygote, and the other merges with the central cell to cycle. The MG comprises three cells, two immobile sperm generate the endosperm (reviewed in Faure and Dumas cells contained within a larger vegetative cell (reviewed 2001) . in Twell 1994) ; the FG has seven cells, the egg, two Genetic screens for recessive loss-of-function mutasynergids, the central cell, and three antipodals (Christions have identified several sporophytically expressed tensen et al. 1997) . Upon pollination, MGs are partially factors critical for gametogenesis (Schiefthaler et al. 1999; Hauser et al. 2000; Skinner et al. 2001; Wilson et al. 2001; Sorensen et al. 2003) and pollen-pistil inter- lian inheritance: Because fully penetrant, unconditional LAT52 (Twell et al. 1989) ; this cell-autonomous, MGspecific reporter is detectable in pollen grains and polmutations cannot be transmitted through the affected gamete, homozygotes cannot be obtained (reviewed in len tubes, making it possible to track mutant MGs throughout pollination. Phenotypes can be followed sepDrews and Yadegari 2002; Johnson and Preuss 2002) .
Several groups have screened for gametophytic muarately from the transmission of the selectable marker carried by the T-DNA, allowing cosegregation tests to tants by searching for aberrant transmission of an antibiotic resistance gene associated with a T-DNA or transpounambiguously associate the mutant phenotype with a single T-DNA insertion. We also employed the quartet son insertion (Feldmann et al. 1997; Bonhomme et al. 1998; Christensen et al. 1998; Howden et al. 1998;  (qrt1) mutation, which causes pollen grains to be released as intact meiotic tetrads and Procissi et al. 2001; Huck et al. 2003; Oh et al. 2003; Lalanne et al. 2004) . Coupling these screens with a makes the consequences of chromosomal rearrangements readily apparent. With qrt1 and the cell-autonomous visual assessment of seed formation has yielded mutants defective in FG development (Christensen et al. 1998 , GUS reporter, it is possible to classify plants as either homozygous or hemizygous for the T-DNA insertion 2002) or in the ability of pollen tubes to release their sperm after entering the micropyle (Huck et al. 2003;  by staining their pollen grains. We identified 30 MG mutants that can be grouped into three phenotypic Rotman et al. 2003) . Distorted segregation screens have also identified mutations that affect pollen grain develclasses: (1) pollen grain development, (2) pollen tube germination or growth within the stigma/style, and (3) opment and pollen tube growth Procissi et al. 2001; Oh et al. 2003; Lalanne et al. 2004) .
pollen tube growth or guidance in the ovary. We identified T-DNA insertion sites for 11 hap mutations and Direct phenotypic screens have also been used to identify gametophytic mutations resulting in abnormal polshowed that hap1, a mutation causing aberrant pollen tube growth, can be rescued with the tagged gene, Arabilen grain development (Chen and McCormick 1996; Park et al. 1998; Johnson and McCormick 2001;  dopsis Mago nashi, the ortholog of a Drosophila gene required for oocyte polarity. Lalanne and Twell 2002) . The large number of genetic resources available for reverse genetic studies in Arabidopsis are also leading to the discovery of new MATERIALS AND METHODS genes that are essential for pollen development (Gupta et al. 2002; Kang et al. 2003) and pollen tube growth mutants has been the difficulty in analyzing the pheno- (Twell et al. 1989) Phenotypic analysis: Pollen behavior was examined after crossing three plants from each hap line to three or more ms1 pistils and allowing 12 hr for pollen tube growth. Pistils were excised and mounted on double-sided tape; ovary walls were then removed under a dissecting scope using a 27.5-gauge needle (Becton Dickinson, Franklin Lakes, NJ). Pistils were immediately placed in a microtiter dish containing 100 l 80% acetone for 30 min to fix cells and remove chlorophyll. Pistils were then incubated overnight at 37Њ in X-Gluc at high humidity. Pistils were mounted on microscope slides in 50% glycerol and imaged using DIC optics on a Zeiss Axioskop. For closer examination of pollen tube behavior on the ovule, pistils were stained in 0.1% Congo red following incubation in X-Gluc. Congo red is a fluorescent dye that stains pollen tubes along with other cells, allowing analysis by confocal laser scanning microscopy (Palanivelu et al. 2003; Zeiss LSM 510 microscope) .
Identification of HAP genes: Genomic sequences flanking the right and left T-DNA borders were amplified with thermal asymmetric interlaced (TAIL) PCR (McElver et al. 2001) . The HAP1 gene was amplified by PCR (primer sequences 5Ј-TGCA CAAACACAAGCCAGTCC-3Ј and 5Ј-GCGAAATTCAACAGCCC Figure 2 .-The hapless screen. (A) 32 hap mutant lines TCCTTAC-3Ј), sequenced, cloned into pCAMBIA2200 (Genwere identified by screening Ͼ10,000 T 1 plants for distorted Bank no. AF234313), and introduced into Agrobacterium segregation of Basta R and LAT52:GUS. (B) Segregation of (GV3101); hap1 plants were transformed with the floral dip LAT52:GUS in pollen tetrads was used to assign genotypes to method (Clough and Bent 1998) 
A novel screen for mutations that distort Mendelian
An anther locule (top; bar, 50 m) and individual pollen tetrads (bottom; bar, 25 m) are shown.
inheritance: Our screening procedure utilized two features that facilitated the identification of gametophytic mutants by distorted segregation. First, in addition to an herbicide resistance marker (Basta), the T-DNA elethe percentage of Basta R plants will be reduced bement used for mutagenesis, pCSA110 (McElver et al. cause the mutant allele is not transmitted as fre-2001), contained a LAT52:GUS pollen-specific reporter quently as the wild-type allele. We retained lines gene, providing a cell-autonomous tag for pollen grains whose T 1 progeny yielded Ͻ70% Basta R as candidate that carry an insertion. Second, the screen was carried out hap mutants (1391 lines). in the qrt1 mutant, which sheds pollen tetrads at de-2. Twelve Basta R seedlings from each candidate line hiscence, allowing rapid monitoring of transgene inheriwere transferred to soil and flowers were stained to tance in each strain. We screened 10,074 families derived reveal GUS expression. Observing GUS segregation from the self-fertilization of primary transformants and in qrt1 pollen tetrads makes it possible to distinguish identified 32 hap mutants.
homozygous (4 GUS plants. An insertion with no effect 1. Between 50 and 100 seeds descended from each T 1 on the gametophytes is expected to segregate one plant were plated on media containing Basta. eliminating, the function of both gametophytes, and b Not significantly different from 3:1 ( 2 , P Ͼ 0.01).
two hap mutations disrupted only the FG (Table 1) . (Յ5% Basta R F 1 ). Of the two female-specific hap mutations, hap29 was nearly completely penetrant (4.2% Basta R F 1 ), and hap19 had a milder impact (22.4% Basta R function (hap27 and hap30). Last, of the mutations that F 1 ). Two other mutations completely eliminated the affected both sexes, some were severe in both males and females (hap7 and hap23), whereas others severely function of the FG while having a mild impact on MG hapless Pollen Growth/Guidance Mutants trated the stigmatic papillae, grew through the style, entered GUS insertion produced tetrads with two morphologically northe ovary via the transmitting tract, and targeted ovules for mal GUS ϩ grains. Lines carrying hap5 (B, C, and G) and hap12 fertilization. Only GUS ϩ pollen tubes are visible. (C) Pollen (D, H, and I) mutations produced tetrads that had two normal grains carrying a hap6 defect germinated, but failed to exit GUS Ϫ pollen grains and two grains with varying degrees of the style. (D) hap7 pollen tubes were less likely to germinate abnormality; development of these tetrads was sometimes arand rarely entered the style. Bars, 100 m. rested, inhibiting their ability to express GUS (D, arrow), while in other cases GUS expression was seen in apparently normal (D, arrowhead) or misshapen (H, arrow) grains. Lines carrying hap16 (E and J) produced two aberrant GUS ϩ pollen pollen progressed to a later stage, the mutant was as- Three hap mutants (hap5, hap12, and hap16) affected pollen grain development (Table 2, Figure 3 ). Neither hap12 nor hap16 pollen grains sired progeny, while hap5 affected one gametophyte while only modestly disrupting the other (hap12, hap27, and hap30).
was less extreme, showing a 2.6-fold decrease from wildtype transmission levels ( Table 1 ). The morphology of Assaying pollen phenotypes: We used the LAT52:GUS reporter to track the behavior of pollen grains and tubes hap16 pollen grains was consistently aberrant, with tetrads typically forming two almond-shaped GUS ϩ (hap16) carrying the T-DNA insertion. Tetrads from hemizygous controls produced two GUS ϩ pollen grains and two grains that were slightly collapsed and two normal GUS Ϫ (HAP16) pollen grains. In some cases hap16 pollen did GUS Ϫ pollen grains ( Figure 3A ), all of which germinated efficiently. Assays for later stages of growth were performed not express GUS (Figure 3 , E and J), and mutant grains never formed pollen tubes; these phenotypes are consis-12 hr after pollination; in control lines, GUS ϩ pollen tubes germinated, penetrated the stigmatic papillae, grew tent with an essential function expressed early in pollen development. through the style, entered the ovary through the transmitting tract, and migrated to the ovule (Figures 4, A The morphological defects of hap5 and hap12 were less severe and showed variable expressivity. By monitorand B, and 5, A and B). After entering the micropyle, GUS ϩ pollen tubes burst, releasing an aggregate of GUS ing GUS staining and pollen grain morphology, we scored tetrads as follows: (i) four grains with normal activity ( Figure 5B , arrowhead) that marks the final stage of pollen tube function. We pollinated wild type with a morphology (2 GUS ϩ :2 GUS Ϫ ); (ii) three normal and one morphologically aberrant grain (2GUS Ϫ :1 GUS ϩ :1 hemizygous GUS ϩ control and after 12 hr of pollen tube growth found 45% (n ϭ 422) of the ovules showed aberrant); and (iii) two normal and two morphologically aberrant grains (2 GUS Ϫ :2 aberrant). For hap 5, GUS staining; the slight decrease from the expected rate of 50% suggests that 12 hr of pollen growth was categories i, ii, and iii contained, respectively, 12, 75, and 13% of the tetrads (n ϭ 187; Figure 3 , A-C, F, and too brief for the fertilization of every ovule.
We monitored pollen development and pollen tube G); and for hap 12, 0, 47, and 53% of the tetrads (n ϭ 127; Figure 3H , arrow; 3D, arrowhead; 3D, arrow; and growth behavior for each hap mutant, examining selfpollinated flowers and crosses of hap pollen onto wild 3I). Despite these morphological defects, both hap5 and hap12 produced some pollen tubes that germinated; type. This analysis placed each hap mutant into one of four major phenotypic classes (Table 2) , having alterthose from hap12 were arrested in the style (as in class 2 below), while hap5 pollen grains that developed norations in pollen grain development (class 1; 3 mutants), defective pollen tube growth through the style (class mally were able to fertilize FGs. Class 2, defective pollen tube growth at the stigma 2; 12 mutants), alterations in pollen tube growth or guidance in the ovary (class 3; 14 mutants), or no obvior style: After pollen tubes emerge from the grain, they establish polarized growth, grow within the cell wall of ous defect (class 4; 3 mutants). In instances where some mutant pollen arrested at an earlier stage and other the stigmatic papillae cells, and then enter the style where they grow through the nutrient-rich extracellular normally to the ovules, but fail to enter the micropyle (hap11, -26, and -30); and (d) pollen tubes that grow matrix of the transmitting tract. We identified 12 hap mutations that were defective in these stages of pollen chaotically in the ovary (hap2, 4, 24, and 27) . Class 3a mutants demonstrate that pollen tube growth tube growth ( Figure 4 , Table 2 ). These mutations affected pollen tube germination and growth and when can be genetically separated from guidance; for example, hap14 pollen tubes never grew more than one-third they were reciprocally crossed to wild type, they all showed extreme defects in male reproductive success; of the way down the septum ( Figure 5C ), but nonetheless sired 14.7% of F 1 progeny when crossed to wild type five exhibited a 100-fold or greater decrease in transmission and the remainder showed a reduction between (Table 1 ). In contrast, pollen tubes from class 3b (hap1) grew the length of the pistil, but did not migrate toward 6-and 50-fold (Table 1) . One group was male specific (hap3, -6, -9, -13, -15, -21, and -28) , and the other (hap7, the ovules and sired only 1.8% of F 1 progeny when crossed to wild type ( Figure 5D , Table 2 ); hap18 and -8, -17, -20, and -32) affected both sexes.
Class 3, alterations in pollen tube growth or guidance hap22 had a similar phenotype. Upon close inspection of class 3b pollen tubes, we found they remained on in the ovary: Despite intensive screening for sporophytic sterile mutations, few genes affecting pollen tube growth the septum or in the transmitting tract ( Figure 5D ). Class 3c mutants also exhibited a novel phenotype, or guidance from the style to the ovule have been identified, presumably because such genes are gametophytic.
with the growth of the pollen tubes indistinguishable from wild type except for the final step-targeting the In this screen we identified 14 mutants with alterations in these later stages of pollination (Table 2) , two of micropyle. For example, hap26 pollen tubes often grew up the funiculus but then stopped and failed to enter which (hap1 and hap2) are male specific and virtually 100% penetrant (Table 1) . Class 3 mutants fell into four the micropyle ( Figure 5E ); hap11 and hap30 pollen tubes were similarly arrested. We did not identify any hap phenotypic groups that genetically define critical steps in the pollen tube growth and guidance process: (a) mutants with pollen tubes that entered the micropyle but continued to grow without bursting as has been short tubes that target the ovules they reach (hap10, -14, -23, and -31); (b) pollen tubes that remain on the observed in the FG mutants fer and srn (Huck et al. 2003; Rotman et al. 2003) . The class 3c defects were all septum (hap1, -18, and -22); (c) pollen tubes that grow subtle with relatively modest (two-to threefold) degene to search for similar sequences that might provide insight into their biochemical functions and found simicreases in transmission through the MG.
Removal or impairment of the FG has been shown larity to proteins involved in gene expression (hap1, hap3, hap4, hap12, and hap15), secretion (hap6 and to result in chaotic pollen tube growth on affected ovules (Ray et al. 1997; Shimizu and Okada 2000) , hap13), molecular transport (hap3 and hap5), and cellular energy production (hap11; Table 3 ). The hap8 insersimilar to that observed in the sporophytic mutant, pop2 (Palanivelu et al. 2003 ). Here we have defined a set tion disrupts a gene with no matches in databases and therefore appears to be unique to the Arabidopsis geof pollen mutants with this phenotype (class 3d); the pollen tubes of hap2, -4, -24, and -27 exit the transmitting nome sequence; the hap2 insertion and one of the genes potentially disrupted by hap11 are found only in Arabitract, yet take unorthodox paths within the ovary and meander along the surface of the ovules ( Figure 5 , F, dopsis and rice and may, therefore, be plant specific.
Molecular complementation of hap1:
The hap1 inser-I, and J). Two of these (hap2 and -24) are male specific, while one (hap27) also completely impairs FG function.
tion was found just upstream of the Arabidopsis ortholog of Mago nashi, a Drosophila gene required for In all of these cases, the principle defect does not appear to be one of pollen tube extension; instead, it is more localization of oskar mRNA and, consequently, for differentiation of the oocyte posterior and germ-line formalikely that the gametophytes are defective in responding to signals or, alternatively, in forming appropriate surtion (Boswell et al. 1991; Mohr et al. 2001) . To verify the identity of HAP1, we introduced a wild-type copy face contacts necessary for guidance.
T-DNA insertion sites: Genomic DNA was amplified (HAP1tr), including 730 bp upstream and 700 bp downstream of the open reading frame, into hap1 mutants. from 15 of the hap mutants by TAIL PCR and putative insertion sites were successfully identified for 11 mutants A T-DNA carrying HAP1tr and a kanamycin resistance gene was introduced into heterozygous hap1 plants; (Liu et al. 1995) . The junction between the T-DNA and the genome was identified on both sides of the insertion these plants were self-pollinated and kanamycin-resistant (Kan R ) progeny were selected. As expected, half of for four of these (hap2, -4, -6, and -15; Table 3 ). Comparison with the sequenced, annotated Arabidopsis genome these plants produced pollen tetrads with 2 GUS ϩ and 2 GUS Ϫ grains and thus carried the original hap1 inserlocalized the TAIL-PCR products to specific loci (Table  3) . Other than hap3 and hap11, which fell between two tion. These plants were self-fertilized, and the segregation of the Basta and Kan markers was analyzed by platgenes, all of the amplified insertion junctions were within a single gene or in the immediately adjacent 5Ј ing on selective MS medium. Lines with multiple unlinked insertions of the Kan R gene were discarded (Ͼ90% Kan R ). or 3Ј DNA (Table 3) . With the exception of hap2, an expressed sequence tag or a full-length cDNA sequence A self cross of a line heterozygous for hap1 ϩ/Ϫ (Basta ) is expected to produce F 2 progsupported the annotation of each of these genes (Table  3) . Current annotation of the Arabidopsis genome deeny that segregate ‫%76ف‬ Basta R (8/12) and ‫%38ف‬ Kan R (10/12); this segregation pattern results because hap1 scribes the role of most of these genes as "unclassified"; the exceptions are hap4 and hap12, which have been MGs function only when they carry the HAP1tr construct. Two independent transgenic lines were thoroughly anaassigned roles in protein synthesis and transcription, respectively (Arabidopsis Genome Initiative 2000).
lyzed: F 2 progeny were 70% (n ϭ 380) and 69% (n ϭ 377) Basta R and 79% (n ϭ 482) and 82% (n ϭ 355) We used the predicted amino acid sequence of each a Arabidopsis gene names; two genes are listed when insertions were found between two genes. b FL, annotation supported by full-length cDNA; EST, expressed sequence tag in GenBank; none, no EST or full-length cDNA in databases.
c Protein sequences were compared with GenBank's nonredundant database (Altschul et al. 1990) . Genes with significant similarity for which functional data have been published are noted; e-value from Blast is given.
d In addition to TAIL-PCR, one T-DNA border was confirmed by a secondary PCR. e Both T-DNA borders were recovered by PCR. f Based on full-length cDNA if available, or most recent annotation; for insertions between genes, positions are relative to the translational start codon (upstream) or the translational stop codon (downstream).
g Insertion in 5Ј-untranslated region. h Insertion in 3Ј-untranslated region.
Kan R , respectively. Untransformed hap1 lines showed one of three phenotypic categories: (1) altered pollen grain development, (2) failure of pollen tube growth 48% Basta R progeny (see also Table 1 ). These results indicate that HAP1tr restores function to hap1 MGs.
within the stigma and/or style, or (3) failure of pollen tube growth within the ovary (Table 2 ). Further confirmation was obtained when pollen tetrads were analyzed in Kan R F 2 plants: plants with pollen tetThis study identified new mutations that cause novel pollen tube growth phenotypes, as well as mutations that rads that were 4 GUS ϩ to 0 GUS Ϫ were found at expected frequencies ‫)%52ف(‬ among Kan R plants (24/ are phenotypically similar to previously characterized 112 plants); these were never found in hap1 lines that sporophytic or gametophytic mutants. The 12 class 2 were not transformed with HAP1tr (n Ͼ 200). In addihap mutations disrupted pollen tube germination or tion, HAP1tr restored the ability of hap1 pollen to migrowth through the stigma and style similar to the pregrate from the transmitting tract and to fertilize ovules viously identified mad4, syp21-1, npg1, AtAPY1/AtAPY2, (data not shown).
kip, seth1, and seth2 gametophytic mutations (Grini et al. 1999; Sanderfoot et al. 2001; Golovkin and Reddy 2003; Procissi et al. 2003; Steinebrunner et al. 2003; DISCUSSION Lalanne et al. 2004) . Four class 3a hap mutations arrested tube growth in the upper ovary and, like the Haploid-specific genes required for pollen tube gametophytic tip1 defect (Ryan et al. 1998) , did not growth and guidance: Here, we describe 32 Arabidopsis impair the tube's ability to target ovules. Three class mutations that affect genes expressed in haploid ga3b hap mutations produced tubes that grew along the metophytes. Thirty hap mutants altered MG functions, septum but failed to exit onto the placenta surface, significantly expanding the set of previously described reminiscent of the major defect caused by the sporo-MG mutations. Mutant pollen cells were tagged with an phytic pop2 mutation (Palanivelu et al. 2003) . Three autonomous marker that facilitated precise phenotypic analysis, allowing the placement of each mutant into class 3c hap mutations yielded pollen tubes that had normal growth to the micropyle yet failed to penetrate antibiotic resistance markers in lines generated by insertion mutagenesis (Feldmann et al. 1997 ; Bonhomme et ovules; this phenotype has not been previously described. Finally, like the secondary pop2 defect (Palanial. 1998; Christensen et al. 1998; Howden et al. 1998; Procissi et al. 2001; Huck et al. 2003; Oh et al. 2003; velu et al. 2003) , the four class 3d hap mutations generated tubes that grew toward ovules, but failed to adhere Lalanne et al. 2004) . Non-Mendelian, distorted segregation ratios identified numerous FG mutations, as well to the funicular surface or target the micropyle; no MG mutants with this defect were previously known.
as MG mutations that alter pollen grain development, pollen tube germination, and tube growth. The inability Beyond defining functions required for assembling pollen grains and extending tubes, each hap mutant to differentiate mutant from wild-type pollen tubes in heterozygous plants hampered characterization of MG class could include MG genes that mediate responses to female signals directing pollen tube growth. Class mutants affecting the final stages of pollen tube growth (Procissi et al. 2001) . Here, we assayed distorted segre-2 hap mutations might disrupt the initial interactions between pollen and stigma cells, including the pollen's gation of an herbicide resistance marker and a pollenspecific reporter gene (LAT52:GUS) that tagged mutant ability to hydrate, establish polarity, germinate, and penetrate stigmatic papillae (Johnson and Preuss 2002) .
pollen in qrt1 plants, enabling a focus on single insertions that potentially affect any stage of MG growth. Sporophytically expressed pollen coat components, including lipids and proteins, are critical for pollen hydraGametophytic mutations can be pleiotropic, incompletely penetrant, and can display variable expressivity tion (Preuss et al. 1993; Lush et al. 1998 ), yet MGexpressed factors likely mediate pistil interactions soon (Feldmann et al. 1997; Bonhomme et al. 1998; Howden et al. 1998; Grini et al. 1999; Drews and Yadegari 2002) . after germination. A lily in vitro system recently led to the identification of a complex of pectin and a small
The inclusion of a cell-autonomous tag in the hap screen makes analysis of these characteristics more efficient. cysteine-rich protein (SCA) that forms on the stigma and transmitting tract to promote pollen tube attachFor example, the pollen grain defects in hap16, hap5, and hap12 varied from strong (no GUS expression, ment and growth (Lord 2003) . Pollen tube factors that bind the pectin/SCA matrix are not known, and hap completely collapsed) to weak (normal GUS expression, normal pollen grain), and this phenotypic variation was mutants that fail to grow in the transmitting tract may reveal components of a matrix-driven translocation sysevident because the pollen tetrads were marked by LAT52:GUS (Figure 3) . By tagging the mutant pollen tem. Additionally, chemocyanin, a stigma protein that redirects pollen tube growth in vitro, was also recently tubes, it was clear that rare hap12 pollen grains germinated pollen tubes that failed to leave the stigma, and purified from lily (Kim et al. 2003) . Whether a similar factor directs Arabidopsis pollen tube growth remains that hap3 pollen tubes occasionally grew down the length of the ovary but failed to target ovules. These to be determined; however, Arabidopsis does encode a protein that is 60% identical to chemocyanin (Kim et variable phenotypes could result from unequal inheritance of gene products expressed in the diploid meioal. 2003) . Class 2 hap mutants may be an important resource to identify new components of an Arabidopsis cyte or from variable expression of gametophytically expressed genes. analog to this lily signaling system. Class 3 hap defects could disrupt MG responses to FG The method of Agrobacterium-mediated transformation used here targets the FG, potentially limiting our signals that mediate transmitting tract exit, ovule choice, funicular growth, or micropylar targeting. Genetic ablaability to recover insertions that result in FG lethality (Clough and Bent 1998; McElver et al. 2001 ; Drews tion of the FG causes pollen tubes to bypass the affected ovules (Ray et al. 1997) , and more subtle defects in FG and Yadegari 2002). Nevertheless, we did identify two hap defects that completely blocked FG function (Table  development implicate signals that regulate adhesion to the funiculus and micropyle targeting (Shimizu and 1, hap27 and hap30) , suggesting that these genes function at a developmental stage that occurs prior to the Okada 2000). Class 3c hap mutants, which arrest tube growth just before the micropyle (Figure 5E ), may be Agrobacterium targeting event. Consistent with previous observations (Feldmann et al. 1997 ; Bonhomme et defective in their response to these late guidance cues, representing male counterparts of the maa1 and maa3 al. Grini et al. 1999; Christensen et al. 2002) , approximately half (14) of the hap mutations affected FG mutants (Shimizu and Okada 2000) . Class 3d hap pollen tubes resemble pop2 pollen tubes that exit the both the MG and FG to some degree, suggesting they alter basic functions required by male and female haptransmitting tract, but fail to target the micropyle. In pop2, a 100-fold increase in gamma amino butyric acid loid cells. Interestingly, some hap mutants with MG and FG defects extend full-length pollen tubes with a re-(GABA) concentration causes aberrant tube migration; therefore, class 3d mutants may define components of duced capacity to target ovules (hap4, hap18, hap22, hap27, and hap30), raising the possibility that they dea pollen-expressed GABA response pathway.
The hap screen complements previous screens based fine factors required for signaling between male and female gametophytes. On the other hand, a greater on distorted segregation: Many gametophytic mutants have been identified by monitoring the segregation of number (16) were pollen specific, identifying a set of genes required by the MG that have no essential role plementation, and provisional assignments of several other HAP genes have been made by PCR. Because each in MG development or function.
By performing the hap screen in the qrt1 background, hap strain has a single T-DNA insertion, it is likely that many of these assignments will prove correct. we were able to efficiently discard numerous lines with unwanted alterations that are byproducts of T-DNA muMany candidate MG genes have predicted functions that could meet the unusual demands of pollen tube tagenesis, including multiple unlinked insertions, secondary untagged mutations, complex or incomplete ingrowth. The pollen tube extends at an astounding rate, growing Ͼ100-fold in length by absorbing metabolites sertions, and translocations (Castle et al. 1993; Feldmann et al. 1997; Nacry et al. 1998) . We retained Basta R from floral tissues, converting them into energy, and delivering newly synthesized membrane and cell wall plants that produced only 2 GUS ϩ to 2 GUS Ϫ tetrads; plants that carry multiple T-DNA insertions are readily components to the tube tip (Hepler et al. 2001 ). Therefore, it is not surprising that hap mutants with short differentiated by their altered patterns of GUS segregation. By monitoring the inheritance of Basta R , GUS, and pollen tubes implicate genes with predicted roles in sucrose transport (hap3; Stadler et al. 1999) or memthe gametophytic phenotype, we were assured that the hap mutation is caused by a single insertion. Furthermore, brane trafficking (hap6 and hap13; Crimaudo et al. 1987; Ohno et al. 1999) . hap5 acts much earlier, causing while translocations and other genomic rearrangements have contaminated previous screens for gametophytic defects in pollen grain development (Figure 3 , B, C, and G); this phenotype could result from alterations in genes (Feldmann et al. 1997; Bonhomme et al. 1998) , tetrad analysis readily identifies these events. Translocaa predicted cation-chloride cotransporter (Harling et al. 1997) . Intriguingly, hap11 acts at a very late stage, tions produce two types of tetrads in equal proportion: (1) four viable pollen grains with balanced chromoaffecting pollen tube entry into the micropyle; this mutant has an insertion just upstream of a predicted mitosomes and (2) four inviable (shriveled) pollen grains that carry duplications and deficiencies (Kindiger et al. chondrial ATP synthase ␦ chain (Morikami et al. 1992) , suggesting an unexpected late-stage energy require-1991). In QRT1 ϩ/ϩ plants, translocations yield 50% aborted pollen and are indistinguishable from a heteroment. Microarray analysis of mature pollen (Becker et al. 2003; Honys and Twell 2003) and profiles of pollen zygous gametophytic lethal mutation; however, translocations are obvious in qrt1, where two types of tetrads gene expression (Mascarenhas 1990) suggest that the mature pollen grain is packed with transcripts that are are produced as described above.
Functional genomics of the male gametophyte: A comtranslated upon tube germination. A large set of hap genes may regulate the expression or stability of these plete understanding of the ‫000,62ف‬ Arabidopsis genes requires a thorough analysis of the gametophytic gener-MG gene products (Table 3) , affecting mRNA metabolism/localization (hap1), transcription (hap12), protein ation. Between 13 and 20% of Arabidopsis genes are expressed in pollen and as many as 5% are pollen spesynthesis (hap3 and hap4), and protein degradation (hap15). hap1 alters late stages of tube growth, and its cific (Becker et al. 2003; Honys and Twell 2003) ; functional analysis of only a small fraction of these genes correspondence to Mago nashi, a highly conserved protein associated with mRNA processing and translocation has been performed. None of the genes identified in this study were previously identified by mutations in in animals (Palacios 2002) , is particularly intriguing. In Drosophila, Mago is predominantly nuclear, but shutplants (Table 3) . Screens for gametophytic mutations are efficient, rapid, and can be performed on a genometles to the cytoplasm as part of a complex that is required for proper localization of Oskar mRNA (Micklem et al. wide scale. Approximately 180,000 T-DNA insertions are required to achieve a 95% probability of identifying at 1997; Hachet and Ephrussi 2001; Mohr et al. 2001) ; consequently, hap1 could point to an important requireleast one insertion in every Arabidopsis gene, with an average of three insertions per gene (Krysan et al. ment for subcellular mRNA localization in pollen tube growth and guidance. 1999). Here, we identified 30 MG mutants in a screen of 10,074 transgenic lines (0.3%); this number underesConsiderable effort will be required to uncover all of the MG functions necessary for pollen cell maturation, timates the mutant/insertion rate because we discarded ‫%74ف‬ of the lines because of multiple insertions (Budgrowth, and communication with female cells. This work will also be valuable for understanding the functions of ziszewski et al. 2001). Correcting for multiple inserts, we calculate that MG hap mutations represent 1/180 genes that are critical for later stages in plant development because many MG mutations identify genes that insertions. A saturation screen would consequently yield ‫0001ف‬ hap mutations representing ‫033ف‬ MG genes (asalso have important sporophytic functions. Dissecting these roles will require comparing the outcomes of gasuming three alleles per gene). Traditional tests of allelism cannot be performed with gametophytic mutants metophyte screens with those of saturation screens for embryo-lethal mutations, analyzing the phenotype of rare because the affected cells are haploid; therefore, determining the allelic relationship between hap mutahomozygotes recovered from gametophytic mutants, or examining the sporophytic development of gametophytic tions requires identifying the responsible gene. The identity of HAP1 has been confirmed by molecular commutants rescued by a gametophytically expressed trans-
